Abstract. In inertial confinement fusion (ICF) experiments on the National Ignition Facility (NIF), measurements of average ion temperature using DT neutron time of flight broadening and of DD neutrons do not show the same apparent temperature. Some of this may be due to time and space dependent temperature profiles in the imploding capsule which are not taken into account in the analysis. As such, we are attempting to measure the electron temperature by recording the free-free electron-ion scattering-spectrum from the tail of the Maxwellian temperature distribution. This will be accomplished with the new NIF Continuum Spectrometer (ConSpec) which spans the x-ray range of 20 keV to 30 keV (where any opacity corrections from the remaining mass of the ablator shell are negligible) and will be sensitive to temperatures between ∼ 3 keV and 6 keV. The optical design of the ConSpec is designed to be adaptable to an x-ray streak camera to record time resolved free-free electron continuum spectra for direct measurement of the dT /dt evolution across the burn width of a DT plasma. The spectrometer is a conically bent Bragg crystal in a focusing geometry that allows for the dispersion plane to be perpendicular to the spectrometer axis. Additionally, to address the spatial temperature dependence, both time integrated and time resolved pinhole and penumbral imaging will be provided along the same polar angle. The optical and mechanical design of the instrument is presented along with estimates for the dispersion, solid angle, photometric sensitivity, and performance.
Inference of the temperature of a stagnating ICF plasma 1, 2 is a key metric in fusion experiments. Recent measurements show a discrepancy in the temperature of the burning plasma from DT or DD neutrons, where three-dimensional profile or reactivity effects, differential scatter, and bulk fluid motion have the potential to explain the difference. 3 Using the x-ray free-free emission from the core of DT plasma for diagnosis of temperature is insensitive to these effects. This is often performed using a set of Ross pair filtered pinholes 4, 5 or a set of differentially filtered pinholes 6 to infer the slope of the emission, and less frequently using higher resolution spectroscopic techniques such as doping the hot spot region and using K-shell line emission from mid-Z dopants [7] [8] [9] or directly measuring the emitted free-free continuum radiation. 10 Doping with mid-Z elements is not possible with cryogenic NIF implosions and as such we are pursuing a continuum measurement approach. In this paper we describe an instrument to directly measure the spectrum emitted from free-free electron ion interactions at the core of an ICF layered DT imploding plasma.
To infer the temperature of the plasma from the x-ray continuum we take that the emissivity of an ICF core is the result of free-free (electron-ion) scattering in the DT plasma. Following the treatment of Kramers, 11 the functional form for the free-free emissivity, (hν), of fully stripped ions at photon energies greater than the plasma temperature (i.e. hν > kT e ) with electron and ion densities, n e and n i respectively, is given by, 
where < Z 2 > is the average nuclear charge squared, a 0 is the Bohr radius, α is the fine structure constant, H ion is the ionization energy of hydrogen, and g ff is the Gaunt factor for freefree emission as introduced by Gaunt 12 and using the Kulsrud approximation 13 for hν kT e as g ff (hν) ≈ 0.95 (hν/kT e ) −1/2 . From this we find that measuring the absolute continuum far above the plasma temperature gives two things: first, a measurement of the slope of emission is a direct inference of the plasma temperature kT e ; and second, knowing the duration of emission, the volume of the hotspot region (from imaging), and the absolute emitted x-ray continuum level allows access to the ion and electron densities to estimate the pressure of the hotspot region.
14 Thus, a continuum spectral measurement forces a constraint on the pressure and density assumptions one gets from imaging diagnostics and informs on the true spectral shape of the continuum on which filtered imaging diagnostics rely. In addition, the combination of density, temperature, volume and emission duration allows for an independent inference of the neutron yields in the absence of ablator core mix 15 and potential bias due to core bulk plasma flow in neutron-based ion temperature measurements. 16, 17 For NIF plasmas the kT e of DT implosions is usually around 5 keV, and to maximize accuracy on the measurement of the spectral slope we desire to have a 2kT e bandwidth. This is a compromise between improving statistical accuracy with larger bandwidth as ΔT e /T e ∼ kT e /Bandwidth, and avoiding low signal to noise ratio (SNR) for the measurement at the high energy end. Moreover, the x-rays from the core pass through a dense shell and ablated plasma region which causes opacity effects. From 3D simulations [18] [19] [20] of DT core emission we find that below x-ray energies of 20 keV the shell opacities reduces the exponential behavior of the free-free emission as predicted by Equation 1. This is seen in Fig. 1 which is a plot of the self-emission versus x-ray energy from the capsule through the shell material viewing from the pole (black) and equator (red). Around 20 keV both measurements agree indicating that above this photon energy the photon spectrum is hard enough to not interact with the remaining mass along the path and that the emission is optically thin.
In this paper we will explain the mechanical and optical design of the NIF Continuum Spectrometer (ConSpec) for recording spectra from 20-30 keV. A detailed look at the mechanical and optical designs as well as performance estimates are included.
Instrument Mechanical Design
The eventual goal on the NIF is to perform a time resolved measurement of the x-ray continuum from 20-30 keV during the nuclear burn. However, current streak cameras 22 on the NIF are not very sensitive to x-rays > 20 keV and cannot operate above a neutron yield of approximately 10
13
(which are typically at a standoff distance of 1-1.5 m). Work is underway to produce a radiation hardened streak camera and this is estimated to be useable on the NIF in the near future. Until then 
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Fig 1
Two plots from a 3D simulation of NIF high foot implosion N140520 20, 21 showing the free-free self-emission versus x-ray energy viewing from the pole (black) and equator (red). Below 20 keV the spectra are affected by absorption in the dense Si-doped CH shell. Note that the spectral output of the capsule above 20 keV shows a very small difference between the pole and equator which gives confidence that shell effects and opacity affect the radiation little above 20 keV.
a time integrated measurement is being performed using imaging plates (IP) 23, 24 to learn about optical requirements, pointing tolerances, and calibration needs.
The NIF ConSpec spectrometer utilizes a conically bent highly annealed pyrolytic graphite crystal (HAPG 002) Bragg diffraction optic aligned along the Diagnostic Manipulator (DIM) 90-78 line-of-sight (LOS) (θ = 90
• , φ = 78 • ) as shown in Fig. 2 . The ConSpec additionally has simultaneous time integrated penumbral imaging 25 along the ARIANE 90-89 (θ = 90
line-of-sight and time resolved images using the Dilation X-ray Imager (DIXI) [27] [28] [29] along the 90-100 (θ = 90
• , φ = 100
• ) line-of-sight and a view of the capsule for the particle time of flight (PTOF). 30 Various views of the mechanical design of the instrument are shown in Fig. 3 . A schematic of the spectrometer setup with line-of-sight markers for the three LOS are shown in Fig. 4 . The entire spectrometer body is made from aluminum and has sintered plugs to allow for vacuum ventilation. The front pinhole sets for the various LOS sit at 100 mm from target chamber center (TCC) and are made from a material that is tantalum 10 % -tungsten 90 %.
The instrument is comprised of several subsystems as shown in Fig. 5 . These are: the pinhole and debris window housing; the neutron and x-ray LOS shielding of the imaging plate; the conical crystal optic; the front aperture for reduction of crystal focusing area; the particle time of flight detector for nuclear bang time information; the ATLAS 31 retro reflectors for alignment using the ATLAS system on the NIF; and, the imaging plate holder. All features are precision pinned to have replacement reproducibility within 25 μm.
The nose cap system, dubbed the "golf putter", holds 2 mm thick polycarbonate debris shields which protect the pinholes from melting due to soft x-ray flux and mechanical stress. The front shield also serves as a precision holder for the pinhole patterns for the ARIANE and DIXI lines of sight. An exploded view of the design is shown in Fig. 6 . The NIF ConSpec is designed to operate up to a 10 17 neutron yield environment. However, at this yield, the background from neutron bombardment on imaging plates is expected to exceed the saturation limit of the NIF imaging plate scanners. 24 In order to reduce this background signal level, a line-of-sight (LOS) shield has been developed. It is estimated that a factor of 5 reduction in neutron dose onto the IP is required for a good signal-to-noise. In order to estimate the shielding required, a Monte-Carlo N-Particles (MCNP) 32 calculation was performed and it was found that a 9 cm thick W block shows a factor of 7 reduction in deposited dose from neutrons and gamma rays. From these calculations we designed our tungsten LOS shield which is 9 cm thick and 3.5 cm by 3.5 cm in cross sectional area as shown in Fig. 5 with a close up view of the LOS shield shown in Fig. 7 . The tungsten LOS shield has 5 mm copper and 500 μm aluminum backplates as K α fluorescence step down shields to shield the imaging plate (IP) from the ∼ 60 keV tungsten K fluorescence. A holder for the LOS shield has been designed to enable vertical or horizontal mounting which enables the spectrometer to be placed in the polar configuration as shown in Fig.  2 .
In a typical NIF experiment, once the lasers have deposited their energy into the target, a resulting highly dynamic expanding spherical shell of vaporized mass is formed. This shell of vaporized mass is referred to as debris-wind. This wind can bend and destroy diagnostics that are not suitably mechanically sound. The percent of target mass which is contained in the expanding shell and its 
Fig 5
The expanded view of the major subsystems of the NIF ConSpec. The front face sits at 87 mm to TCC which places the pinhole patterns back at 100 mm from TCC. The imaging plate for the spectrometer LOS sits at 900 mm. kinetic energy has been determined from empirical data. 33, 34 This debris-wind is simulated as an impulse on all surfaces within the NIF chamber with a line-of-sight to the target, with a magnitude based on their distance from the target center. This impulse is used to provide loading on diagnostic components for engineering assessments of design adequacy. The loading assumptions differ based on whether the diagnostic is positioned at the poles of the chamber or along the equator, primarily due to the hohlraum geometry influences. The assumed maximum energy on target for these engineering assessments is typically the maximum NIF energy on target of 2MJ. The loading is applied as a pressure time history to finite element models of the various diagnostic components and simulated in explicit dynamic simulations using DYNA3D or LS-DYNA. 35 Evaluation of the components risk for fracture and yield are performed and used for assessment of this risk to the NIF optics and diagnostic components. For components near the target chamber center, ductile materials are highly recommended to reduce the risk of fracture. For the front end which sits around 100 mm away from the target we performed calculations to inform on thicknesses and design of mechanical stability as shown in Fig. 8 . The 3D modeling of debris-wind used the Steinberg Material Model 36 which has coefficients that define the strength of the materials subject to dynamic loading conditions. For components that directly see the debris wind blast load a factor of safety of 1.5 is required. For the support arm holding the front end piece we found the smallest safety factor is 1.14 (shown in red in Fig. 8 B) . In order to increase this factor we modified the support arm to include a rib there which increased the safety factor above 1.5.
The crystal is 25 mm high by 200 mm long with its center at 450 mm from TCC. The diffracted x-rays are recorded on an image plate placed 900 mm from TCC. A set of apertures placed in front of the crystal, the crystal, and the holder for the IP has been pinned in place to ensure repeatability to 25 μm. The holder for the aperture placed in front of the crystal allows adjustability of the flux detected by the IP. Initial designs for the aperture of 0.5 mm, 1 mm, 5 mm, and 10 mm have been produced for the expected high energy end signal variations given typical 4-6 keV shot-to-shot core temperature variations. 
Imaging
The ConSpec instrument includes two lines of sight for imaging. The primary imager is the Dilation X-ray Imager (DIXI). [27] [28] [29] The DIXI is a photocathode based pulse dilation x-ray framing camera at the NIF with a temporal resolution of 10-20 ps which sits ouside the chamber wall approximately 6.5 m away from TCC. The magnification of this is 65X as the pinhole set sits at 100 mm from TCC (the LOS also includes pinhole imaging onto imaging plate which has 60X magnification). In comparison to DIXI, the standard micro-channel-plate (MCP) based framing cameras at the NIF 37 (which are usually sitting on the 90-78 LOS) have a temporal resolution of 100 ps. At NIF, x-ray framing cameras are used to image the x-ray self-emission of the hot spot during the burn width (100 -200 ps) of the implosion of an indirectly driven capsule. Framing cameras achieve temporal resolved imaging by effectively sending a "traveling shutter" across an array of images. DIXI uses the pulse-dilation technique to improve the temporal resolution of micro-channel-plate based cameras by 10x. The improved temporal fidelity leads to less blur of the x-ray self-emission images and allows DIXI to take clearer pictures of the hot spot evolution. 38 In addition to the improved temporal resolution, due to LOS shielding offered by the tilted drift tube and the 5X larger standoff distance, DIXI can take time resolved data using a CCD up to neutron yields of ∼ 10 17 , allowing immediate readout after a shot (standard NIF framing cameras are not able to due to CCD damage thresholds with the higher neutron fluence as the camera is much closer to TCC at a 1.3 m standoff distance 39, 40 ). In addition a set of penumbral pinholes are imaged onto the ARIANE port (90-89). The magnification of this LOS is 60X and the penumbral image is detected by a 20-30 cm IP which allows up to ∼400, 100 μm penumbral pinholes to be recorded as shown in Fig. 10 . The penumbral technique 25, [41] [42] [43] utilizes the fact that information regarding the source is contained within the penumbra from a sharp edge. If an aperture is larger than the object of interest the penumbra contains the source size convoluted with the MTF of the edge. That requires highly circular apertures. From scanning electron microscope metrology of the penumbral apertures produced it is shown that the out-of-roundness of the apertures is only 1 μm. From this accuracy the penumbral technique combined with the 6 m detector distance and approximately 60X magnification we are able to achieve 5 μm spatial resolution. Initially the penumbral line-of-sight will be time integrated using imaging plates. However future iterations call for electronic readout of this channel.
Both DIXI and ARIANE detection planes are outside the NIF wall > 6 m away from TCC. This allows them to operate in much higher neutron fluxes than current NIF diagnostics. Taken together the ConSpec is designed to be able to operate well into the ∼ 10 17 neutron flux with 10 ps imaging resolution and 5 μm spatial penumbral imaging. The NIF ConSpec is the ideal high neutron flux x-ray diagnostic providing multiple LOS imaging that is both highly time and space resolved, as well as spectral information of the DT core plasma conditions. 
Spectrometer
In NIF experiments, a high-Z hohlraum of either gold (Z=79) or uranium (Z=92) is used to produce an x-radiation source (radiation temperature ∼ 300 eV) to drive the capsule implosion. The nonlocal thermodynamic equilibrium (NLTE) regions in which the laser deposits its energy reaches electron temperatures of 3-6 keV. Radiation from these regions would swamp the large field of view continuum measurement from the capsule. To ensure that the flux from the capsule is isolated an imaging geometry is chosen.
A standard approach for spectrally-resolved 1D-imaging is to utilize a von Hámos style geometry. 44 This consists of a cylindrical bent optic (crystal) in which the dispersion direction is like that of a flat crystal but in the sagittal direction the x-rays are focused to a line focus along the axis of the cylinder. However due to the wish to adapt this measurement to a NIF streak camera, an imaging geometry which puts the image perpendicular to the spectrometer axis (DIM axis) is needed (this is a common geometrical constraint at laser plasma facilities around the world). For this we make use of a conically bent crystal optic taking the modified von Hámos geometry of Hall 45 and the dHIRES spectrometer. 46 A schematic of the optical design is shown in Fig. 11 . In this design, a cone is taken as the surface from which the crystal is cut. The half angle of the cone is made equal to the Bragg angle of the center energy denoted θ B0 . Here the detector is placed perpendicular to the outer surface of the cone and at its apex which allows the focus to be maintained perpendicular to the axis as opposed to parallel as in the von Hámos geometry. This is an approximate solution and is not a true imaging geometry. 47 However in order to discriminate the laser entrance hole plasma and Au bubble features in a hohlraum from an imploded capsule only mm scale resolution is needed (this geometry is estimated to give few hundred μm resolution).
The spectrometer is placed in a conical crystal configuration using a highly annealed pyrolytic graphite crystal (HAPG 002) with a 2d spacing of 6.708Å. A ray trace showing the cone surface is shown in Fig. 12 . A list of parameters from the ray trace are shown in Table 1 . This list gives the Bragg angle, the center ray length, the unvignetted energy range defined as the energy range without geometrical edge effects, the radii of curvature and other parameters. In this paper, unless noted, we assume a 10 mm front aperture. A ray trace using of order million rays was performed in a ray trace program in Mathematica. The ray trace solves for the surface of the cone and then sends in a packet of rays that intersect the 3D cone surface and Bragg diffract. They are then collected by a detector and various analyses of spatial resolution and spectral resolution are made. The low energy photons will have a spatial resolution of around 50 μm but the resolution of the high energy photons is reduced to 200 μm. The estimated spatial resolution from the HAPG due to mosaicity of 0.15
• ranges from 130 μm to 200 μm using the formula, σ = 2 ROC δθ, where σ is the resolution associated with mosaic spread in the HAPG, ROC is the radius of curvature, and δθ is the mosaic spread estimated. A plot showing the spatial resolution and spectral content along the dispersive and imaging axis is shown in Fig. 13 (A) and (B) , along with a projection of the rays from the source on the crystal through the front aperture which shows the mixing of the photon energies in arcs along the conical surface.
For an analytical expression for the photometric efficiency (or sensitivity) of the bent crystal system we define the sensitivity of the spectrometer system as follows,
where dΩ dA is the amount of solid angle the crystal reflects onto a detector area A,
is the derivative of Bragg's law that gives how much energy is contained per angle θ B , and R(E) is the integrated reflectivity which gives the efficiency of the crystal. The units of G(E) are eV ·str mm 2 (or can be expressed in pixel sizes) which allows a source given in J/eV /str to be transformed into J/mm 2 at the detector surface.
The HAPG crystal procured from Optigraph in Berlin, Germany, is designed to be 25 μm thick and has been mounted on a diamond turned conical aluminum substrate from Contour Metrological Table 1 by following which energies make it across the entire arc of the crystal.
and Manufacturing, Inc. in Troy, Michigan. Diamond turning is a machining process whereby the first stages are carried out using a series of CNC lathes of increasing accuracy, then a diamondtipped lathe tool is used in the final stages of the manufacturing process to achieve nanometer level surface finishes and sub-micrometer form accuracies. The surface finish quality is measured as the peak-to-valley distance of the grooves left by the lathe. The substrate metrology showed that the RMS deviation of the surface is under 90Å. Optigraph estimates that mounting HAPG on Al gives ∼ 0.15
• mosaic spread (for mounting on optical quartz of BK7 the mosaic spread is estimated to be under 0.1
• ). To estimate the crystal properties we calculated the HAPG crystal using the XOP code by Sanchez et al. 49 The integrated reflectivity of the HAPG ranged from 1 mrad to around 0.75 mrad as shown in Fig. 14 (B) .
The dispersion curve for distance to energy value is shown in 14 (A). The sensitivity of the NIF ConSpec as calculated in Equation 2 is shown in Fig. 14 (C) . It shows an almost linear response which makes data analysis straight forward. In addition the increase in sensitivity at higher energy helps to reduce the dynamic range needed and boosts weaker signals that generally fall in the higher photon energy range. The first experiments are predicted to be very bright in the 20-30 keV energy range and require the 0.5 mm aperture. To find the relation from PSL/pix to J/keV/str, the sensitivity is taken and combined with the IP response 24 and a factor of 20 reduction is assumed going from the 10 mm aperture to the 0.5 mm aperture to produce the calibration as shown in Fig.  14 (D) .
Alignment, Calibration, and Operation Qualification of ConSpec
The alignment of the spectrometer will be performed using a set of laser illuminated front and rear pinholes. After this, the mechanical surfaces of the crystal, front aperture and IP holder will be measured using a coordinate measuring machine (CMM). This will give the as-fabricated build and allow for inspection of total alignment as well as sub assembly alignment. Lastly the spectrometer will be placed in the NIF pinhole metrology setup in order to verify the optical to x-ray alignment. This data combined with offline snout metrology will be fed into the ATLAS 31 system and will to turn J/keV/str into PSL/50 μm pixel with a 0.5 mm aperture using an assumed IP response. 24 serve as the primary alignment method when in the chamber on the NIF. As a backup we also use the standard NIF Opposed Port Alignment System (OPAS) and the Chamber Interior Viewing System (CIVS) 31 fiducials to achieve our pointing tolerance of 0.5 mm in all directions. The crystal optic has been characterized using a micro-focus silver anode x-ray source which produces a spot ∼ 50 μm in size and emits neutral Ag K α and K β x-rays along with a Bremsstrahlung continuum. The crystal, source, and CCD were mounted on a series of movable stages in which the best focusing properties were found by iteration until the FWHM of the image produced was at a minimum and the dispersion was in line with expectations. Then a series of images were taken around this best focus to explore the space of sensitivities of the optical alignment. From this we found that in insertion depth the sensitivity was of order 5 mm. However for yaw of the crystal (a rotation in the dispersion direction), changes in the focusing properties of the optic were found with values as small as 0.1
• . This is expected as the conical geometry is sensitive to dispersion shifts. For movement vertically the image was reproduced as expected.
An image of the setup and the spectrum from best focus are shown in Fig. 15 . We have measured the spatial resolution of the best focus position to be ≈ 300 μm. In the image, the neutral n=2 to n=1 transitions of Ag Kα 1 , Kα 2 , Kβ 1 , and Kβ 2 which are at 22162.917 (30) 50 are clearly separated. The measured dispersion has been compared with the theoretical dispersion and shows good agreement as shown in Fig. 16 (A) .
Taking spectral line-outs of the transitions we find the spectral resolution is ∼ 100 eV at 25 keV which gives this spectrometer a ΔE/E ∼ 250. If the pure rocking curve of the HAPG crystal is taken a spectral resolution of order 1 keV would be assumed. However, mosaic crystals such as HAPG have an effect known as "para-focusing" 51, 52 whereby the mosaic structure acts as a focusing spectrograph and good spectral resolution is maintained (which is strongest for geometries where the source-to-crystal and crystal-to-detector distances are 1:1). Indeed we find that the spectral resolution at the Ag Kα lines is 150 eV but is 100 eV at the Ag Kβ lines as the Kβ lines are diffracted at the center of the crystal and are evidence of the "para-focusing" effect.
In order to extract an absolute x-ray continuum yield as well as the temperature the photometric calibration must be known. We will perform an I over I 0 photometric calibration to verify the photometric estimate as shown in Fig. 14 (D) using a 10 anode Henins source with absolutely calibrated Amptek detectors.
For the operation qualification on the NIF we will shoot a DT filled direct drive exploding pusher. The estimated signal level from 20-30 keV ranges from 500 mJ/keV/str to around 50 mJ/keV/str. The implosion is predicted to produce on the order of a few 10 15 neutrons and will test the tungsten LOS shielding. Dosimeters will be placed before and after the LOS shield to compare to the MCNP calculations and make estimates for future experiments on the background levels on high yield shots. From this we will test the NIF alignment procedures and accuracy for the ARIANE and DIXI pinholes (by analyzing where the pinhole pattern falls on the DIXI and ARIANE ports and backing out the alignment point relative to where it is expected to be) as well as the spectrometer dispersion and pointing by using a set of Mo, Ag, and Sn filters to get K-edges at ∼20, ∼25, and ∼29 keV respectively. As such, we will get the dispersion relations as shot on the NIF along with photometric signal estimates and read out of diagnostics. The estimated signal level for that shot is shown in 16 (A). 
Conclusion
We have described a new instrument on the NIF. The NIF ConSpec is a multi LOS instrument with 5 μm spatial resolution time integrated images, 10 ps time resolved 10 μm spatial images, and a time integrated 20-30 keV continuum measurement to infer the electron temperature from an imploding layered DT NIF implosion. The mechanical design has been laid out and estimates for performance of various parts has been displayed. The spectrometer is capable of operating in high neutron fluences which will be important as the NIF increases neutron yields. The primary imaging diagnostics are all neutron hard and located at the chamber wall which allow for quick turn around of data. The measurement of the absolute continuum yield as well as the slope will give information regarding the electron temperature and any other temperature component with significant flux in the 20-30 keV band. In addition absolute continuum yields combined with x-ray emission volume and duration give information on the DT fuel which is a valuable check on other x-ray instruments and can be directly compared to neutron metrics. Future work is to commission the spectrometer, and future iterations of this instrument will add time-resolved penumbral images as well as time-resolved spectral information.
